Comparative studies of major histocompatibility complex (MHC) genes across vertebrate species can reveal the evolutionary processes that shape the structure and function of immune regulatory proteins. In this study, we characterized MHC class I sequences from six frog species representing three anuran families (Hylidae, Centrolenidae and Ranidae). Using cDNA from our focal species, we amplified a total of 79 unique sequences spanning exons 2-4 that encode the extracellular domains of the functional alpha chain protein. We compared intra-and interspecific nucleotide and amino-acid divergence, tested for recombination, and identified codon sites under selection by estimating the rate of non-synonymous to synonymous substitutions with multiple codon-based maximum likelihood methods. We determined that positive (diversifying) selection was acting on specific amino-acid sites located within the domains that bind pathogen-derived peptides. We also found significant signals of recombination across the physical distance of the genes. Finally, we determined that all the six species expressed two or three putative classical class I loci, in contrast to the single locus condition of Xenopus laevis. Our results suggest that MHC evolution in anurans is a dynamic process and that variation in numbers of loci and genetic diversity can exist among taxa. Thus, the accumulation of genetic data for more species will be useful in further characterizing the relative importance of processes such as selection, recombination and gene duplication in shaping MHC loci among amphibian lineages.
INTRODUCTION
The major histocompatibility complex (MHC) has been the subject of immunological and adaptive molecular evolution studies for over five decades (Clarke and Kirby, 1966; Doherty and Zinkernagel, 1975; Hedrick and Thompson, 1983; Hughes and Yeager, 1998) . Many studies have characterized MHC genes within species (reviewed in Bernatchez and Landry (2003) ) or investigated MHC evolution using model organisms at large phylogenetic scales (Flajnik et al., 1999b; Flajnik and Kasahara, 2001 ). Comparisons of intraspecific MHC diversity within lineages are less common, primarily due to the high variability in gene number, issues with identifying orthologous loci across species and the general difficulty of obtaining MHC data for species that lack whole genome sequences. Despite these problems, the number of comparative MHC studies in non-model organisms is slowly increasing due to the relevance of MHC variability in determining how wildlife populations respond to emerging infectious diseases (Acevedo-Whitehouse and Cunningham, 2006) . Before pursuing such studies, however, researchers must have some basic knowledge about MHC genetic architecture, whether recovered sequences represent expressed gene copies and whether the loci being compared across populations or species originated from a single gene of the most recent common ancestor.
Current knowledge on MHC evolution in large, speciose vertebrate clades is often based on data from a limited number of taxa. This situation is especially true for frogs (anurans), where most MHC genetic data is predominately derived from two closely related species (Silurana tropicalis and Xenopus laevis) that belong to an ancient group of fully aquatic taxa (Pipidae; Figure 1 ). Understanding the differences in MHC variability among anuran species and between anuran MHC and that of other vertebrates has implications for evolutionary studies of acquired immunity, and increasingly, for amphibian conservation. Diseases are currently a major factor contributing to global amphibian declines and extinctions (for example, Berger et al., 1998; Lips et al., 2006) . Given the growing evidence of associations between anuran MHC genotypes and susceptibility to bacterial, viral and fungal infections (for example, Barribeau et al., 2008; Teacher et al., 2009; May et al., 2011; Savage and Zamudio, 2011) , understanding the evolution of MHC genes may hold important clues for determining which genetic differences may impact disease susceptibility among amphibian species.
The MHC gene organization of the two well-characterized frogs, X. laevis (and S. tropicalis), is representative of the 'primordial MHC' for jawed vertebrates because it is similar to that of other nonmammalian vertebrates in having separate but linked MHC class I and class II gene regions (Flajnik et al., 1999b; Ohta et al., 2006) . Most Xenopus species express a single classical MHC class I gene (class Ia) that encodes receptor molecules that usually present intracellular pathogens-such as viruses-to cytotoxic T cells and is tightly linked to other genes (TAP1, TAP2 and LMP7) that assist in antigen processing (Flajnik et al., 1991; Flajnik et al., 1999b; Ohta et al., 2006) . In addition, X. laevis express non-classical (class Ib) genes that encode molecules that are similar in sequence and structure to classical molecules (Flajnik et al., 1993) . Class Ib genes belong to a separate MHC lineage that arose from an ancient duplication event and, although located on the same chromosome, are no longer linked to the MHC proper in frogs (Flajnik et al., 1993 (Flajnik et al., , 1999b Ohta et al., 2006) . Distinctions between the genes and gene products belonging to the two classes are not always clear, but class Ib genes generally show lower polymorphism, greater variation in sequence length, more restricted tissue distributions and lower expression levels relative to their classical counterparts (Flajnik et al., 1993; Braud et al., 1999) .
The degree to which the X. laevis MHC is a good general model for the anuran MHC as a whole is largely unknown (but see Hauswaldt et al. (2007) ; Zeisset and Beebee (2009); Kiemnec-Tyburczy et al. (2010) ). The anuran phylogeny includes 6000 þ species of extant frogs, and their most recent common ancestor existed 250 million years ago (Roelants et al., 2007) , permitting ample time for frog lineages to evolve differences within this gene complex. In addition, X. laevis and S. tropicalis are atypical frogs due to their fully aquatic life history, early divergence within the anuran phylogeny ( Figure 1 ) and propensity to speciate via polyploidization; thus, data on the structure and diversity of MHC genes from a range of anuran taxa are needed to draw generalities for this clade.
The main goal of this study was to characterize MHC class I sequences in a number of phylogenetically distinct species, to gain a broader understanding of the evolutionary mechanisms that influence MHC diversity in this understudied vertebrate lineage. In total, we characterized six focal species that belong to three frog families, two of which-Hylidae and Centrolenidae-have not been examined in any MHC studies (Figure 1 ). We focused on characterizing MHC class I sequences from frogs for two general reasons. First, the effects of selection and other processes on MHC are so complex and diverse among species studied to date that we wanted to concentrate on a single class of genes. Second, the single class I locus condition of several characterized frogs suggests that studies of class I evolution may be more tractable than those of other multi-locus immune genes. A single classical class I locus is expressed in S. tropicalis, X. laevis and R. temporaria (a member of a more recently derived clade, Ranidae; Figure 1 ). Thus, it has been hypothesized that this single locus condition has been conserved throughout the anuran lineage (Teacher et al., 2009) . In other vertebrate lineages, however, ancestral linkage patterns and gene arrangements have been greatly modified over evolutionary history. Mammalian MHC class I genes, in particular, are seemingly less evolutionarily constrained and have duplicated and diverged numerous times (Flajnik and Kasahara, 2001) . The accumulation of sequence data for distantly related frog species will allow us to examine whether some of the generalities that apply to MHC evolution in other, more broadly surveyed clades such as mammals also apply to frogs. Our primary objectives were to (i) characterize the genetic diversity of alleles and infer putative numbers of loci for each species; (ii) test for the presence of recombination over physical distances along the gene sequences; and (iii) determine whether selection has acted on anuran MHC genes (including what codons may have experienced positive selection).
MATERIALS AND METHODS

Tissue sampling and nucleic acid extraction
We sampled six species, three from Central America: Agalychnis callidryas (redeyed tree frog), Espadarana prosoblepon (emerald glass frog) and Smilisca phaeota (masked tree frog); and three from North America: Lithobates catesbeianus (bullfrog), L. clamitans (green frog) and L. yavapaiensis (lowland leopard frog). Agalychnis callidryas and S. phaeota belong to the family Hylidae; E. prosoblepon belongs to the family Centrolenidae, and the other three species belong to the family Ranidae (Figure 1 ). We collected five individuals of each species from a single locality within each species' range (Supplementary Table  S1 ) and euthanized them in accordance with an approved Cornell University Animal Care and Use Protocol. We extracted RNA from intestinal tissue preserved in RNA later (Invitrogen, Carlsbad, CA, USA) using TRIzol, following the manufacturer's instructions (Invitrogen).
DNA amplification and cloning
We used complementary DNA (hereafter cDNA) as a template for PCR amplification of the coding regions of MHC class I from all species. We generated cDNA using an ImProm-II reverse transcription system (Promega, Madison, WI, USA) with an oligo(dT) 15 primer under standard conditions. The resulting cDNA templates were diluted 1:10 for use in PCR.
The targeted gene regions included exons 2-4 that encode three extracellular domains of the class I alpha chain protein. We initially experimented with two types of DNA polymerase (Thermus (Taq: Roche Diagnostics, Indianapolis, IN, USA) versus Pyrococcus (Pyr; Phusion High-Fidelity DNA Polymerase: Finnzymes, Lafayette, CO, USA)) to assess whether the type of polymerase had an effect on the generation of spurious polymorphisms. The use of different polymerases did not have a significant effect on the genetic diversity between pools of Taq versus Pyr MHC alleles; thus both polymerases produced similar results (data not shown) and Taq was used for all subsequent amplifications. We amplified across the three exons using a single primer pair designed from L. pipiens and X. laevis class I sequences (Flajnik et al., 1999a The resulting products were cloned using the pGEM-Teasy vector system (Promega). We amplified 20 ( ± 2) positive clones per individual using universal M13 primers. PCR products were purified using an alkaline phosphataseexonuclease I reaction and sequenced on an ABI 3100 automated sequencer (Applied Biosystems, Carlsbad, CA, USA) using Big Dye v3.1 chemistry (Kiemnec-Tyburczy et al., 2010) .
Identifying genetic diversity
We initially used translated nucleotide BLAST queries to verify MHC class I homology of our amplicons to frog (R. temporaria and X. laevis), human and chicken class I amino-acid sequences. We edited the data using Sequencher v.4.7 and screened all sequences for disruptions of the amino-acid reading frame in DnaSP v4.5 (Rozas et al., 2003) . We also performed data screening to minimize the inclusion of PCR and cloning artifacts (spurious errors) in our data set. Our analyses only included sequences that were (i) obtained from Figure 1 A simplified and abbreviated phylogeny of the major groups of anurans based on the relationships shown in Roelants et al. (2007) and Hedges et al. (2008) . The approximate number of species in each group is given after the group name and is based on current numbers from AmphibiaWeb (accessed 20 February 2012). White circles contain the numbers of species from a particular group whose MHC class I alleles have been well-characterized while black circles contain the number of species characterized in the present study.
three or more independent clones (as in Hauswaldt et al. (2007) ) and (ii) that differed from each other by more than three substitutions (van Oosterhout et al., 2006) . For all measures of nucleotide evolutionary divergence for MHC class I sequences, we calculated the number of nucleotide base substitutions per site by averaging over sequences using the Tajima-Nei distance implemented in MEGA 5.05 (Tamura et al., 2011) . All amino-acid distances were calculated with the Poisson correction in MEGA. Gaps and missing data were excluded from downstream calculations.
Identifying recombination
We screened our data sets for recombination by calculating the correlation between physical distance along the gene sequence and three indices of linkage disequilibrium (LD): r 2 (Hill and Robertson, 1968) , D' (Lewontin, 1964) and G4 (McVean et al., 2002) . In the absence of recombination, adjacent sites should be as tightly linked to one another as distant sites (Meunier and EyreWalker, 2001 ); thus, the null hypothesis predicts no correlation between LD and distance between sites. The program Permute (www.danielwilson.me.uk/ omegaMap/permute.html) was used to determine statistical significance by randomly permuting the sites 999 times and recalculating the correlation coefficient for each simulated data set. The use of multiple LD measures accounted for the confounding effects of repeat mutations that can produce false-positives for recombination. Sites with more than two variants were excluded from these analyses because LD statistics are not defined in those cases.
Tests of selection acting on MHC class I loci
We tested whether selection was acting at two levels: within each frog species and across all the six species. For the intraspecific comparisons, we tested whether there was a signal of positive selection (1) in each of the three domains as a whole and (2) at peptide-binding region (PBR) sites vs non-PBR sites. The rationale for partitioning PBR and non-PBR sites was that the residues that compose the PBR are those that bind the pathogenic peptides and for this reason, they often show signatures of positive (diversifying) selection, whereas other regions of the protein do not. PBR sites were inferred as the sites that contact pathogenic peptides (A pocket, F pocket and other peptide contacts) in HLA-A2 as defined by Wallny et al. (2006) and references therein. Although the eight docking residues listed Supplementary Table S3 do contact the peptide, we excluded them from the analysis because they are known to be conserved across vertebrates (Flajnik et al., 1993) and thus are not likely to be under diversifying selection. The two tests of selection were performed using an one-tailed Z-test of selection in MEGA. The Z-test compared the relative rates of non-synonymous substitutions per non-synonymous site (d N ) to number of synonymous substitutions per synonymous site (d S ) across each domain for each species. When d N to d S are equal (d N Àd S ¼ 0), a site is evolving neutrally, whereas an excess of d N relative to d S (d N Àd S 40) is a signal of positive (diversifying) selection, and a deficiency is indicative of purifying (or negative) selection (d N Àd S o0). Standard errors were determined using 500 bootstrap replicates.
To compare the strength of selection occurring across the sequences from multiple anuran species, we combined the sequences from all our focal species into a single data set, partitioned into the three exons that encode the protein domains. We first examined whether selection was acting across each domain alignment as a whole using three tests: (1) an one-tailed Z-test, (2) PARRIS (hosted at the Datamonkey server (http://www.datamonkey.org)) and (3) Codeml (implemented in PAML). We used likelihood ratio tests to assess the fit of the data to two pairs of nested codon-substitution models in Codeml: (1) the M1a model of nearly neutral evolution vs M2a model of selection and (2) the M7 model (which fits o into 10 site classes in the interval 0-1) vs M8 model (which adds an extra site class to M7 that allows o to be41) (Yang, 2007) . PARRIS also uses a likelihood ratio test to select between two nested models, while allowing synonymous rate variation, topology and branch lengths to vary across recombination breakpoints (Scheffler et al., 2006) .
We then tested whether selection had acted on each codon site across the multi-species alignment. We used four methods to assess whether selection had acted on a site: single likelihood ancestral counting (SLAC), fixed effects likelihood (FEL), random effects likelihood (REL) and maximum likelihood models of codon evolution in Codeml (implemented in PAML; Yang, 2007) . SLAC, FEL and REL are included in the HyPhy software package (hosted at the Datamonkey server). SLAC is the most conservative of the three HyPhy methods, while REL is the most powerful (Pond and Frost, 2005) . Bayes empirical Bayes (in Codeml) was used to identify codon sites under positive selection by identifying sites whose posterior probabilities were X0.95 under both the M2a and M8 models. By comparing all methods, we could better assess which sites showed strong evidence of selection.
To build the input tree used for all four methods, we first tested each domain alignment for the best-fit model of nucleotide evolution using the Datamonkey server model selection tool. This analysis compared the fit of over 200 nucleotide substitution models to the observed data using the Akaike information criterion. We used MrBayes 3.1 (Ronquist and Huelsenbeck, 2003) to generate a 95% credible set of rooted MHC genealogies using the appropriate nucleotide model (HKY þ G for exon 2, GTR þ G for exon 3, HKY þ G for exon 4). We ran two Markov chains for 1 Â 10 6 iterations, retaining every 500th sample from the posterior distribution and starting values for each chain chosen randomly. We tested for convergence, effective sample sizes and the appropriate amount of burn-in by examining the posterior distributions in TRACER v1.4 (Drummond and Rambaut, 2007) . We performed each of the four methods on the individual exon alignments to avoid biases introduced by recombination, which we detected only across larger physical distances than those covered by each exon (see Results).
Phylogenetic tree reconstruction
To ascertain the genealogical relationships among the frog MHC class I sequences, we compiled an amino-acid data set consisting of: (1) the sequences from each of our focal species, (2) X. laevis Ia and Ib sequences and (3) two urodele amphibian sequences as outgroups. We then partitioned these sequences into domains and tested each domain for signals of recombination using the three measures calculated by PERMUTE (Wilson and McVean, 2006) to ensure that recombination would not bias the accuracy of our phylogenetic inference (Schierup and Hein, 2000) . We used ProtTest 3 (Darriba et al., 2011) to determine which amino-acid replacement matrix best fits the amino-acid alignment of each domain, based on the Akaike Information Criterion (JTT þ G for a1, a2 and a3). Genealogical trees for each exon were constructed separately using maximum likelihood methods in PhyML 3.0 (Guindon et al., 2010) with the proportion of invariable sites and gamma shape parameter estimated from the data. We calculated branch support using 1000 bootstrap replicates. In some cases, sequences were 100% identical in one or two domains and in these cases, only one representative was included in the alignment, but the names of both sequences were noted on the tree (for example, Lica-UA*01/08).
RESULTS
We recovered 1-5 unique cDNA sequences per frog that encoded proteins with high similarity to other vertebrate MHC class I genes. The strongest BLAST hits recovered were the MHC class I genes of other vertebrates, with the highest similarities to published anuran sequences from L. pipiens, X. laevis and S. tropicalis. We isolated a total of 79 putative class I sequences (see Supplementary Table S2 for accession nos.). The total length of the fragments ranged from 750 to 759 nucleotides, excluding primer sequences and spanned exons 2-4. These sequences encoded most of the a1, the complete a2 and part of the a3 domain. Generally, the MHC class I sequences we amplified encoded 80 codons of the a1 domain, 91 codons of the a2 domain and 80 codons of the a3 domain, although we did identify length variants both within and among species. Compared to human HLA-A*0201V, frogs had 1-4 fewer amino acids (aa) in their overall sequences (Figure 2 ). The shortest fragment was amplified from E. prosoblepon (250 aa) and the longest from L. clamitans and L. catesbeianus (253 aa). Most of the deletions that differed within frogs occurred in the a1 domain. All frog sequences had a two-aa insertion in the a2 domain, relative to human HLA. Even though we isolated length variants, we did not sequence expressed pseudogenes, as identified by frameshift mutations or premature stop codons.
The frog sequences we isolated generally showed high levels of amino-acid identity at residues known to have functional significance in class Ia proteins, such as sites of glycosylation and disulfide bridge formation (Figure 2 ). Conservative substitutions were common across some of the functional residues in the six frogs, including Y to F/H, types of conservative substitutions that are common in the classical class I sequences of some non-mammalian vertebrates (for example, fish; Lukacs et al., 2010) . We did note, however, the presence of nonconservative substitutions in peptide-docking residues that are usually conserved between divergent groups of vertebrates (for example, Xenopus and humans; Flajnik et al., 1993) . This phenomenon was especially illustrated by the amino-acid variants found at sites 116 and 166. These two sites-predominately Y in other vertebrates-were substituted to F, L, R, H or C in various frog sequences (Supplementary Table S3 ). In another case, multiple frog species had non-conservative substitutions that dramatically changed the biochemical properties of that site; W 140 was changed to a hydrophobic amino acid (L, I, V) in five of the six species. Several of these types of non-conservative substitutions were also present in the class I sequences isolated from R. temporaria (Teacher et al., 2009 ).
Number of expressed MHC class Ia loci
We recovered sequences from multiple loci from all six species, based on the number of unique sequences cloned from single individuals. The number of putative loci varied from 2 to 3 among the three families (Centrolenidae, Hylidae and Ranidae). Although we could not determine the total number of loci in each frog without a reference genome, we conservatively estimated the minimum number of loci for each species by dividing the maximum number of alleles found in any one individual by two (Table 1) . Our results indicated the presence of 1-2 additional loci not found in S. tropicalis or R. temporaria. We also recovered 2-5 additional unique sequences from single clones, which were excluded from further analyses because we could not verify their repeated presence among multiple sequenced clones. The sequences Figure 2 Alignment of representative amino-acid sequences of MHC class I sequences isolated from A. callidryas (Agca), E. prosoblepon (Espr), L. catesbeianus (Lica), L. clamitans (Licl), L. yavapaiensis (Liya) and S. phaeota (Smph). Sequences are aligned to classical MHC class I sequences from A. mexicanum (Amme; U83137), X. laevis (Xela; DQ149606) and human (HLA-A*0201V; AJ621243). Domains are separated according to Flajnik et al. (1991) . Numbering is in reference to the consensus amino acids in the alignment. The dots represent amino-acid residues that are identical to the top sequence; dashes represent gaps in the sequences; ' denotes disulfide bridge-forming cysteines;~denotes salt bridge-forming sites; m denotes an N-glycosylation site; CD8 box denotes the predicted CD8-binding site; and * denotes the antigen N-and C-termini peptide-docking sites.
reported here therefore represent a conservative subset of the unique sequences we amplified from the cDNA of our focal frogs.
Genetic variability across frog MHC class I sequences
The MHC class I sequences we isolated were extremely polymorphic at both the nucleotide and amino-acid levels, a pattern consistent with observed variation in MHC class Ia sequences in other vertebrates (Flajnik and Kasahara, 2001) . The low frequency of identical sequences recovered from conspecific individuals is a second illustration of the polymorphic nature of the MHC class I alleles in the populations of frogs we sampled. Most sequences were isolated from single individuals within each species (Supplementary Table S2 ). For example, of the 19 sequences recovered from A. callidryas, only one sequence was found in more than one individual. In total, 69 sequences were found solely in a single individual over all species combined. Within species, the number of alleles found in a single individual ranged from 7 (in L. yavapaiensis) to 18 (in A. callidryas). In addition, the magnitude of nucleotide and amino-acid divergence differed greatly across all species, as well as among sequences within individuals of the same species. At the level of species, A. callidryas displayed the highest nucleotide and amino-acid divergence across all three domains/exons (Table 1) , whereas L. yavapaiensis showed the lowest. At the level of individuals, we again found that some A. callidryas expressed highly divergent classical class I sequences within individuals, while L. yavapaiensis, we detected less intraindividual variation (Table 2) .
Sequence divergence also revealed patterns consistent with the functional roles of each extracellular domain. In all frog species, the exons that encode the two domains that putatively interact with pathogen-derived peptides-a1 and a2-had higher levels of divergence than a3 (Table 1) , which interacts with the b2-microglobulin and functions primarily in maintaining protein structure. Comparing divergence of a1 and a2, we found in almost all cases that the a1 domain had higher levels (both nucleotides and amino acids) of divergence than a2. This finding is similar to patterns of variation documented for X. laevis class Ia domains (divergence of a14a24a3 domains; Flajnik et al., 1999a) .
Presence of recombination
We tested two full-length cDNA (exon 2-4) class I data sets for signals of recombination: one used to estimate selection on specific sites and one used to generate the phylogenetic trees for each protein domain (Figure 3) . In both cases, we detected recombination in the data sets (Po0.01 in all cases), as evidenced by the significant negative correlations between the three LD statistics and physical distance between sites. When we partitioned each data set into the three exons, however, none of the three measures detected a significant signal of recombination (all P40.05). This result indicates that the physical distance over which recombination typically occurs in these frogs exceeds the length of individual exons.
Tests of selection within and across species
We first tested each domain of each species separately for evidence of positive selection using the one-tailed Z-test. All of these tests showed no evidence of selection in any species when considering all amino acids of a single exon (all P40.05). This result is not surprising given that most of the MHC class I sites are expected to be neutrally evolving, with a smaller subset (especially those that are functionally constrained) expected to be under purifying selection. Thus, the signal of positive selection on a small number of residues might be overwhelmed by a greater number of sites evolving neutrally or under purifying selection. When we tested the PBR and non-PBR sites separately, an excess of d N was detected in the PBR sites of the a1 and a2 domain of five of the six species (Table 3 ). In contrast, no evidence of positive selection was detected in the a3 domain or the combination of the non-PBR sites remaining in the a1 and a2 domains.
We also tested the larger data set of anuran sequences for evidence of positive selection over the alignments of each protein domain. For a1 and a2, PARRIS detected significant evidence of positive selection (Po0.1), as did Codeml (M2a model was a better fit to the data than the model of neutrality M1a, and M8 was a significantly better fit than M7). Codeml, however, detected positive selection acting on a3, whereas PARRIS did not. The Z-test of selection did not show significant excess of d N over d S in any of the three domains in this larger data set.
Patterns of selection across codons
We used four codon-based maximum likelihood methods to assess whether selection had acted on each codon in an alignment of MHC class I sequences from six frog species. The methods differed in which sites they identified as under positive selection (Table 4) . Most methods found positive selection acting on subset of codon sites within exon 2 and exon 3. REL and Codeml, however, found a total of three sites under selection in exon 4. About half of the sites identified by any method were predicted to be PBR sites in the alpha chain (comprised of the a1 and a2 domains). In contrast, 80% of the sites identified as under selection by all methods were predicted to be PBR sites. The remaining sites in exons 2 and 3 were often only predicted by one or two methods to be under selection (with the exception of sites 3 and 147). We found approximately equal numbers of positively selected sites in exon 2 and exon 3, and approximately one third of the sites were identified by all four methods (Table 4) . REL predicted the most sites under selection, while SLAC predicted the fewest. Given the effects of diversifying selection on the a1 and a2 domains and the functional constraints imposed on the a3 domain (Kaufman et al., 1992) , exons 2 and 3 are expected to have higher d N Àd S values relative to exon 4. Our results are consistent with this prediction; far fewer sites were under positive selection in exon 4 (Table 4 ) and, generally, the values of d N Àd S were lowest for this exon (Table 3) .
Genealogical relationships of MHC class I exons
To gain insight into the evolutionary history of the amphibian MHC class I domains, we constructed a phylogenetic tree of class I sequences from the six focal species and other amphibians for each protein domain. The high amino-acid diversity in the a1 and a2 domains within and across species likely contributed to the low branch support in the trees (Figures 3a and b) . The trees showed that the frog sequences we isolated were distinct from the class Ib sequences of X. laevis; in all three trees, the X. laevis Ib sequences formed a well-supported monophyletic group (Figure 3) . The class Ia sequences of X. laevis also comprised a separate clade in all three trees. The expected phylogenetic relationships among frogs were reflected on a broad level in the MHC a3 domain tree. In the a3 tree, we Figure 3 Evolutionary relationships of anuran MHC class Ia and Ib sequences. Consensus trees were constructed with PhyML on amino-acid alignments of either the a1 (a), a2 (b) or a3 (c) domains (see text for details). Bootstrap values above 70% are denoted by asterisks below branches (*** ¼ 90-100%; ** ¼ 80-89%; * ¼ 70-79%). Scales indicate the number of amino-acid substitutions per site. Some highly supported groups of sequences were compressed into blocks (the thickness of triangle was roughly proportional to number of sequences). GenBank Accession Nos. for X. laevis class Ia (Xela r/r: AF185582; Xela f/f: AF185580; Xela a/c-1: AF185583; Xela j/j: AF185586), X. laevis class Ib (XNC1: M58019; XNC2: L20725; XNC3: L20726; XNC4: L20727; XNC6: L20729; XNC5: L20728; XNC7: L20730; XNC8: L20731; XNC10: FJ589642; XNC11: FJ589643) and A. mexicanum class Ia (1: U83137; 2: U83138).
inferred four major groups: the X. laevis Ia sequences, X. laevis Ib sequences, central American sequences and north American sequences (Figure 3c ). The three central American species belong to two closely related anuran families (Hylidae and Centrolenidae), while Lithobates is a distantly related genus in the family Ranidae (Figure 1) . The north and central American frogs formed two distinct groups in all trees; however, in the a1 and a2 trees they were nested within central American species. A subset of sequences isolated from E. prosoblepon and A. callidryas clustered into extremely divergent groups of sequences that did not group with other sequences from the same species (Figure 3c) . Instead, these sequences grouped with sequences from another species (for example, Espr-UA*01, Agca-UA*01 group). This result was indicative of trans-species polymorphism, where similar alleles were passed from the common ancestor of multiple species to the descendents (Klein et al., 1998) . A similar pattern of allele sharing was also evident in the MHC sequences from the more closely related members of the genus Lithobates (Figure 3) . Sequences from multiple Lithobates species grouped together within a single clade in the a1, a2 and a3 trees.
DISCUSSION
MHC class I transcripts from six phylogenetically disparate frog species show high sequence polymorphism and signatures of positive selection characteristic of functional MHC class Ia loci. We found that putative MHC class I genes were most diverse in the central American species A. callidryas, but genetic divergence was also high in some north American ranids. We documented patterns in the class I evolutionary trees that indicated trans-species polymorphism had occurred (some allelic lineages on the tree contained sequences from multiple species). The genus Lithobates may be as old as 36-39 million years, while the divergence between A. callidryas and E. prosoblepon dates back to 68-91 million years ago (Roelants et al., 2011) . In comparison, the oldest DRB1 allelic lineages in primates are estimated to be B55 million years old (Klein et al., 1998) and allelic lineages are shared between Ruminanta genera that diverged over 30 million years ago (Ballingall et al., 2010) . Although our methods and results do not characterize the complete genomic architecture of the MHC of our six focal species, they provide a conservative estimate of the numbers of classical MHC class I loci for these frog species (Table 5) . We used the three criteria to define our sequences as class Ia loci: (i) the alleles do not show the typical pattern of additional insertions and deletions that are present in X. laevis 1b alleles; (ii) sequences in our data set do not group with the non-classical X. laevis sequences phylogenetically; and (iii) our sequences contain conserved amino acids at sites that are regarded as necessary for classical class I proteins to function. Although it is possible some of the sequences we identified were class Ib loci, our methodology provides evidence that the sequences are functional Ia alleles. Three other anuran species, R. temporaria, X. laevis and S. tropicalis express a single MHC class Ia locus (Flajnik et al., 1991 (Flajnik et al., , 1993 Teacher et al., 2009 ), but our study shows that numbers expressed of class Ia loci vary across major frog lineages (Table 5) . We documented the presence of 2-3 expressed class Ia loci in other frog species, including three species within the genus Lithobates.
The number of sequences obtained from our focal species of frogs is similar to those obtained in an initial characterization of MHC class I genes of the axolotl (Ambystoma mexicanum), a urodele amphibian (Sammut et al., 1999) . The axolotl expresses 11-21 unique amino-acid sequences per individual, indicative of multiple class I loci. This multilocus condition is more similar to the genomic architecture of mammals, birds and fish, which have widely differing numbers of class I loci and high levels of intraspecific polymorphism (Nonaka et al., 1997; Flajnik and Kasahara, 2001) . For example, fish express anywhere from three class I loci in salmonids to 17 in some cichlids (Sato et al., 1997; Miller and Withler, 1998) . The chicken genome contains two classical class I loci (Kaufman et al., 1999) while great reed warblers express up to 6 loci (Westerdahl et al., 2004) . It is therefore possible that gene duplications or genome polyploidization have given rise to MHC class I paralogs in species nested within the anuran tree. We hypothesize that these differences, even potentially within genera, may be due to species-specific gene duplication events that may have occurred in frogs as they have in other vertebrate groups. A number of Xenopus and Silurana species have evolved by allopolyploidization, resulting in tetra-, octo-and dodecaploid species over the past 10-81 million years (Evans et al., 2004) . While most of these polyploids revert to disomic inheritance of the MHC, the dodecaploid X. ruwenzoriensis Table 3 Comparisons of non-synonymous (d N ) and synonymous (d S ) substitutions per site of the MHC class I domains from six frog species 
Bold sites were identified as putative PBR sites based on those in Wallny et al. (2006) . Numbering is based on alignment in Figure 2 .
displays polysomic inheritance and expresses multiple class I paralogs (Sammut et al., 2002) . Frogs, in general, show disproportionately high rates of polyploid speciation relative to all vertebrates, with some of the best-known examples occurring in the Hylidae (Haddad et al., 1994; Ptacek et al., 1994) , the family to which A. callidryas and S. phaeota belong. In some species, geographic variation in ploidy level has even been described (Haddad et al., 1994) . Karyotypic data from our focal species, however, show that A. callidryas (Duellman and Cole, 1965) , L. catesbeianus (Elinson and Briedis, 1981) , L. clamitans (Elinson and Briedis, 1981) , S. phaeota (Duellman and Trueb, 1966) and L. yavapaiensis (Hillis, 1988) are diploid. Overall, while the number of unique MHC class I sequences within individuals in this study is striking when compared with other frogs examined to date, our results are not entirely unexpected, especially given the small percentage of frog species whose MHC genes have been characterized (Figure 1 ) and the diversity of ploidy levels within anurans. MHC variability is predominantly caused by the accumulation of point mutations over millions of years, with recombination, gene duplication and gene convergence generating additional allelic diversity (Parham and Ohta, 1996; Little and Parham, 1999; Bos and Waldman, 2006a) . The large number of sequences recovered within individual frogs in this study may also reflect the joint effects of intraand interlocus recombination acting across several MHC class I paralogs. Conversion between class Ia and class Ib is an expected outcome of their common ancestry. Non-classical MHC loci may generate additional genetic diversity by serving as donors that can be partially transferred to Ia genes via recombination or serve as templates from the formation of new class Ia genes (Watkins et al., 1990) . In addition, we detected significant correlations between LD and physical distance between sites across all three MHC class I protein domains, indicating that recombination is central to increasing genetic diversity in these species. The signal was lost, however, when we partitioned each domain into a separate data set. One possible mechanism underlying these results is the exchange of entire exons during recombination, as opposed to shorter motifs within exons. In X. laevis, at least two recombinant alleles (Xela-UAA*06 and UAA*11) have identical a1 domain sequences, but divergent a2 and a3 domains (Bos and Waldman, 2006a) . Our results are consistent with this pattern, especially given that we amplified sequences from five of the six species that were identical in one domain, but differed in others. Our preliminary analyses suggest that breakpoints may be located at around exon junctions (data not shown) but further population sampling within species is needed to identify breakpoint hotspots that exhibit higher rates of recombination relative to surrounding sites. As the sequence database for amphibian MHC genes continues to grow, it will hopefully become possible to distinguish the relative contributions of recombination and selection in generating MHC diversity in frogs.
Natural selection is a key process that acts on MHC genes in most vertebrate taxa (Hughes and Yeager, 1998; Bernatchez and Landry, 2003) . Our tests for selection clearly showed that a proportion of codon sites putatively located in the PBR of the MHC class I sequences from central and north American frogs have elevated levels of d N over d S indicative of positive selection. When we examined the alignment of six species, the majority of positively selected sites were located in the a1 and a2 domains, the two domains that bind foreign peptides derived from pathogens. This result is concordant with that found in the alleles of X. laevis (Bos and Waldman, 2006b) . Although the majority of sites under selection were predicted to be PBR based on the crystal structure of human class I, there are others that showed significant signatures of positive selection that were not located in the human PBR. Given the differences between the crystal structures of chicken and human class I molecules (Koch et al., 2007) , the structure of the peptide-binding groove in frogs is necessary to decode the functional role of the sites under positive selection. Regardless, it is clear that over the evolutionary history of anurans diversifying selection has shaped MHC class I genes. Elevated amino-acid diversity, especially in gene regions encoding the antigen-binding sites, intra-and intergenic recombination and gene duplication are possible evolutionary mechanisms that enhance an individual's ability to combat disease (Hedrick, 1994; Parham and Ohta, 1996; Hughes and Yeager, 1998) . The evolutionary history of a population may therefore be important when individuals are faced with an epizootic factor, as selection may favor individuals with elevated MHC polymorphism or specific resistance-conferring alleles (Hughes and Yeager, 1998; Bernatchez and Landry, 2003; Richmond et al., 2009 ). In fact, recent studies on ecological time scales have shown that natural amphibian populations recently exposed to infectious diseases have short-term changes in allele frequency that may be correlated with differential survival (for example, Teacher et al., 2009; May et al., 2011) . Thus, anurans represent tractable systems for studying MHC evolution over both short and long timescales.
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